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Abstract
Amulti-phase transport model (AMPT) is developed for the study of hot and dense matter produced inrelativistic nuclear
collisions. This model includes both initial partonic and final hadronic scattering. Using the AMPT model, we study the
momentum distributions of charged particles such as protons, antiprotons, pions, and kaons in central heavy ion collisions at
Super Proton Synchrotron (SPS) and Relativistic Heavy Ion Collider (RHIC) energies. The results are consistent withexperi-
mental data at these energies. They indicate a significant nuclear shadowing but a relative weak jet quenching in the initial
dense matter. Antiproton to proton ratio at mid-rapidity increases appreciably with energy, demonstrating the approach to a
nearly baryon-anti-baryon symmetric matter inhigh energy collisions. Kaon to pion ratio is almost constant within the energy
range studied here, providing strong evidence for strangeness equilibration in these reactions.
Introduction
Quarks and gluons are the most fundamental strongly
interacting building blocks of matter. Innormal matter they
are confined inbigger building blocks, hadrons. Hence they
are sometimes referred to as partons (parts of hadrons).
Beyond some critical conditions of extremely high tempera-
ture/density, hadrons melt, and these quarks and gluons can
roam freely inside the high temperature/density region,
which is called the Quark-Gluon Plasma (QGP). Quark-
Gluon Plasma is believed to have existed in the early
Universe a few microseconds after its creation in the Big
Bang. Italso exists in the highly compressed cores ofneutron
stars (Miiller, 1995). The knowledge of the Quark-Gluon
Plasma is crucial for the understanding of the Universe and
many other fundamental questions about nature.
In the laboratory, relativistic nuclear collisions are used
to create conditions close to those in the early Universe and
to study the formation and properties of Quark-Gluon
3lasma. Currently, the Relativistic Heavy Ion Collider
(RHIC) at Brookhaven National Laboratory (BNL) is the
world's largest and most powerful machine dedicated to the
study of Quark-Gluon Plasma. RHIC consists of a pair of
circular accelerators that accelerate two beams of gold
nuclei in opposite directions to 99.995% of the speed of
ight. Collisions between these two beams happen in one of
the four experiment halls around the ring. After the violent
lead-on collision of twonuclei, a hot and dense region (pos-
sibly Quark-Gluon Plasma) is created. This hot and dense
region then expands, cools, and finally decays into thou-
sands of small debris particles. These debris particles go into
he experiment instruments. Patterns in the debris can be
used to study the Quark-Gluon Plasma formation and prop-
erties.
Methods
AMulti-Phase Transport Model.-- As, all experimentally
observed quarks and gluons are bound in bigger hadrons,
the transient QGP phase with freely moving quarks and glu-
ons can only be studied through their manifestation in the
final hadronic distributions. Also, the Quark- Gluon Plasma
produced innuclear collisions differs from the ideal Quark-
Gluon Plasma inthat itonly exists for a finite lifetime and in
a finite spatial region. This makes the task of deciphering the
information contained in the final hadronic spectra espe-
cially challenging.
One important theoretical approach is the computer
based transport model approach. In this approach, initial
conditions are assumed based on the extrapolation of
known physics, and information about particle-particle
interactions is taken from experimental data or from theo-
retical calculations. The model follows the space-time evo-
lution of the system, automatically taking into account the
effect of finite QGP space-time dimensions inrealistic colli-
sions. After the calculation, the model particle spectra are
compared with experimental data. The differences are
resolved by adjusting model assumptions and/or
parameters. These better constrained assumptions and para-
meter values can be further understood as results of funda-
mental physics principles behind nuclear interactions. In
this way, experimental data can be used to extract informa-
tion about the particle production mechanism in the colli-
sions.
We recently developed such a model which is called A
Multi-Phase Transport model (AMPT) (Zhang et al., 2000a;
Zhang et al., 2000b; Lin et al., 2001). In addition to follow-
ing the space-time evolution of the system, this model
explicitly takes into account the different phases that are
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produced inrelativistic nuclear collisions. In particular, the
initial conditions are obtained from the Heavy Ion Jet
INteraction Generator (HIJING) (Wang and Gyulassy,
1991) by using a Woods-Saxon radial shape for the colliding
nuclei. In a nucleus ofA nucleons, the number of partons is
smaller than A times the number of partons in a nucleon.
This is called the nuclear shadowing effect. In the multi-
phase model, it is modeled via the gluon-recombination
mechanism of Mueller-Qiu (Mueller and Qiu, 1986). After
the colliding nuclei pass through each other, the Gyulassy-
Wang parton coherent parton production model (Gyulassy
and Wang, 1994) is applied for the generation of the initial
space-time information of the produced partons. These par-
tons rescatter elastically according to the Zhang's Parton
Cascade (ZPC) (Zhang, 1998). As the system evolves in
time, the density of quarks and gluons becomes low, and
further interactions between quarks and gluons become
minimal. The quarks and gluons are then grouped into
hadrons according to the Lund model (Andersson et al.,
1983). The ensuing space-time evolution of the hadron sys-
tem is described by A Relativistic Transport (ART) model
(Liand Ko, 1995).
Results and Discussion
Particle Production inRelativistic Nuclear Collisions.—
We used the model to study heavy ion collisions at SPS
energies and found that it gave smaller numbers of net
baryons and kaons at midrapidity than those observed in
experiments. To increase the net baryon at midrapidity, we
introduced both the popcorn mechanism of baryon-
antibaryon production inthe Lund string fragmentation and
baryon-antibaryon production from and annihilation to
mesons in the ART model. The kaon number was increased
by adding inthe ARTmodel the production and destruction
ofK*resonances and by adjusting the two parameters inthe
splitting function used in the Lund string fragmentation.
Results from the improved AMPT model for central Pb+Pb
collisions at 158 AGeV from the SPS, corresponding to
impact parameters of b < 3 fm, are shown in Fig. 1 for the
rapidity distributions and in Fig. 2 for the transverse
momentum spectra of charged particles including pions,
kaons, protons, and antiprotons. We see that the theoretical
results shown by solid curves agree reasonably with the
experimental data (Bearden et al., 1997; Appelshauser et al.,
1999; Sikler et al., 1999). On the other hand, the HIJING
model with default parameters, shown by dashed curves in
Fig. 2, underpredicts the inverse slopes of the transverse
momentum spectra for kaons and protons in these colli-
sions. Final state hadronic scatterings are thus important in
describing the transverse momentum spectra.
With parameters in the AMPT model constrained by
experimental data from heavy ioncollisions at SPS energies,
we then studied heavy ion collisions at RHIC energies. We
first show in Fig. 3 by the solid curve the pseudorapidity
distribution of total charged particles in central (b < 3 fm)
Au+Au collisions at 130AGeV. The theoretical result is con-
sistent with the data from the PHOBOS collaboration (Back
et al., 2000) shown in the figure by the fullcircle. We note
that the total charged particle multiplicity increases appre-
ciably without final hadronic scatterings but is hardly affect-
ed by partonic scatterings. The latter is partly due to the
absence of inelastic scattering in the ZPC model. To model
the effect of parton energy loss due to inelastic scatterings,
we introduce the jet quenching as in default HIJING.InFig.
3 we show by dashed curves the results from AMPT model
with a jet quenching of dE/dx=l GeV/frn. Also shown in
Fig. 3 are the results obtained by neglecting nuclear shad-
owing on parton production in the AMPT model. In both
cases, the total charged particle multiplicity is larger than
that from the default AMPT model. The PHOBOS data is
thus consistent with a significant nuclear shadowing effect
but a rather weak jet quenching. Our predictions for the
multiplicities of pions, kaons, protons and antiprotons are
also shown by solid curves inFig. 3. Itis seen that the p / p
ratio is significantly increased in comparison with that in
central Pb+Pb collisions at SPS.
We have also studied the transverse momentum spectra
of pions, kaons, and protons incentral Au+Au collisions at
130 AGeV. We find that all three particles, especially pro-
tons, have larger transverse momenta at RHIC than at SPS.
As expected, jetquenching suppresses moderately the yields
of these particles at high transverse momenta.
The colliding energy dependence of the particle multi-
plicities and particle ratios at central rapidity is studied in
Fig. 4. Inparticular, we add inresults for central Au+Au col-
lisions at /s =200 AGeV, the highest energy at RHIC. The
proton yield is seen to have a minimumat energies between
SPS and the highest RHIC energy, while antiproton yield
increases almost linearly with the natural logarithm of the
center of mass energy squared, ln(s). As a result, the p / p
ratio increases rapidly from about 0.1 at SPS to about 0.8 at
highest RHIC energy, indicating the formation of nearly
baryon-anti-baryon symmetric matter at high energies.
Meson yield increases faster than ln(s). The K~/K+ ratio
increases gradually from 0.7 at SPS to about 0.9 at AGeV.
The K+/7C+ ratio is almost constant within this energy range,
suggesting the approximate chemical equilibrium for
strangeness production.
The dependence onnuclear shadowing and jet quench-
ing also increases with energy. At /s = 130 AGeV, shadow-
ing causes an increase of20% incharged particle production
at central rapidity while at /s = 130 AGeV, it causes an
increase of 30%. Jet quenching increases the particle pro-
duction by 10% at ,/s = 130 AGeV and by 20% at /s = 130
AGeV.
Conclusions
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Fig. 1. Rapidity distributions at SPS
To summarize, a multi-phase transport model has been
eveloped for heavy ion collisions at RHIC energies.
Comparisons of the theoretical results with the PHOBOS
ata on total charged multiplicity indicate that there is a sig-
ificant nuclear shadowing but a weak jet quenching in the
nitial stage of collisions. The predicted transverse momen-
um spectra of particles are found to have larger inverse
opes at RHIC than at SPS. Antiproton to proton ratio at
mid-rapidity increases appreciably withenergy, demonstrat-
ng the approach to a nearly baryon-anti-baryon symmetric
matter inhigh energy collisions. Kaon to pion ratio is almost
constant within the energy range studied here, providing
strong evidence for strangeness equilibration in these reac-
tions.
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Fig. 4. Energy dependence of charged particle yields at mid-rapidity.
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